Application of an external AC magnetic field parallel to superconducting tapes helps in eliminating the magnetization caused by the shielding current induced in the flat faces of the tapes. This method helps in realizing a magnet system with high-temperature superconducting tapes for magnetic resonance imaging (MRI) and nuclear magnetic resonance (NMR) applications. The effectiveness of the proposed method is validated by numerical calculations carried out using the finite-element method and experiments performed using a commercially available superconducting tape. The field uniformity expected for practical applications is estimated to be less than 1 ppm.
conductors with a large length have been developed and made commercially available.
However, the superconducting parts of these wires have a cross section with a large aspect ratio: about 10 to 20 for the Bi-2223 tapes and several thousands to ten thousands for the coated conductors. If a superconducting magnet wound with such a wire is energized, a given turn in the winding is exposed to a self-magnetic field, which arises from the transport current in the turn, and the external magnetic field generated by the currents in the other turns. The combination of these magnetic fields causes inhomogeneity in the current flowing across the tape, and therefore, the magnetic field at the center of the magnet tends to be nonuniform. [4] [5] [6] [7] Herein, we discuss the realization of a highly uniform magnetic field at the center of a superconducting magnet wound with tape-shaped HTS wires. Figure 1 shows the basic configuration of the magnet system proposed in this paper.
A superconducting coil is wound flatwise with HTS tapes, which are mainly magnetized perpendicular to their broad faces for the application of a direct transport current I DC to generate a magnetic field B DC at the center of the magnet. The overall magnetization of all the superconducting tapes in the winding produces a magnetic field B M with very low uniformity inside the coil. The superconducting coil is sandwiched between a pair of coils composed of nonmagnetic wires such as copper wires. If these nonmagnetic coils are wound in opposite directions and energized by an alternating transport current I AC in a finite number of cycles, the HTS tapes constituting the windings are exposed to an external AC magnetic field B AC , which is parallel to the flat faces of the tapes, for a short period. If the amplitude of the external AC field is larger than the threshold value determined by the critical current density and thickness of the superconducting layer and the direct transport current in the tape, magnetization in the direction perpendicular to the AC field can be eliminated effectively. This unique phenomenon of disappearance of the magnetization upon the application of the abovementioned type of external AC field, called "abnormal transverse-field effect," was investigated systematically about thirty years ago for a linear array of monofilamentary superconducting wires. [8] [9] [10] [11] Recently, a similar phenomenon, "vortex-shaking effect," was observed in the case of a superconductor strip. 12, 13) The abnormal transverse-field effect (vortex-shaking effect) in the proposed configuration causes the current distribution in the width direction of the HTS tapes to become homogeneous. Schematic images of the current profiles before and after the application of the external AC magnetic field parallel to the HTS Appl. Phys. Express tape are shown in the upper part of Fig. 1 ; however, the local current cannot be clearly classified as the transport current or shielding current because it is usually given by the superposition of the transport and shielding currents. Finally, the magnetization direction changes upon the application of the AC field, i.e., magnetization occurs in the direction parallel to the tape. This parallel magnetization hardly affects the uniformity of the central magnetic field of the coil, as will be shown later in the document.
In order to evaluate the decrease in the magnetization perpendicular to the su- perconducting tape and the homogeneous distribution of the transport current in the width direction on the basis of the abnormal transverse-field effect, numerical calculations are carried out using the two-dimensional finite-element method formulated with the self-magnetic field resulting from the currents induced in the analysis region, which is discretized into edge elements. 14, 15) The width 2a and thickness 2b in the x-and y-directions of the superconducting tape with an infinite length in the z-direction are assumed to be 10 mm and 0.1 mm, respectively, and therefore, the aspect ratio of the cross section is 100. This assumption helps in carrying out efficient numerical analysis even with a limited number of computer resources and validating the proposed method.
Further, the relationship between the electric field and the local current density in the superconducting tape is represented by Bean's critical-state model, 16, 17) in which the critical current density is assumed to be independent of the local magnetic field. The critical current density is fixed at 2 × 10 8 A/m 2 , and therefore, the critical current is 200 A. The flux-flow state over the critical current density is taken into account along with the flux-flow resistivity of 10 −7 Ω·m. 14) An example of the numerical results is shown in Fig. 2 , where the superconducting tape has a direct transport current of 100 A. The vertical axis in this figure represents the magnetization of the superconducting tape in the x-and y-directions, M x and M y , respectively, which are estimated from the following expressions:
Although it is difficult to evaluate the magnetization using the aforementioned equations for a long superconductor with a finite transport current, the equations may be credible if the origin of the coordinate system is set at the center of the cross section of the tape. Under this assumption, these equations become zero for the tape carrying the critical current, and they can be used exactly for no transport current. As shown in the inset of Fig. 2 , an external DC magnetic field B y of 1 T in the y-direction is first applied to the superconducting tape, and subsequently, the tape is exposed to an external AC field B x with an amplitude of 0.1 T and a frequency of 1 Hz in the xdirection. The superconducting tape is first magnetized significantly in the DC field, and this magnetization decreases exponentially upon the application of the AC field.
Moreover, magnetization occurs in the direction of the AC field despite the existence of the DC field. The numerical calculation was stopped when the absolute value of the magnetization became lower than 10 −4 T in the y-direction, implying that in the proposed method, the perpendicular magnetization was reduced by at least three orders of magnitude from the initial value. According to the final result obtained just before stopping the calculation, the standard deviation of the sheet current distribution along the tape width was 0.1%.
A set of small coils is fabricated to validate the method used for nullifying the influence of magnetization on the central magnetic field of a coil wound with the HTS tape.
A superconducting solenoid coil is wound with a commercially available GdBa 2 Cu 3 O x tape with a width of 5 mm and a superconducting layer with a thickness of 1.5 µm. To obtain a more uniform field, the multilayer windings are separated into two coaxial parts, and external AC fields are applied to these parts in opposite directions. In this case, the consequent bidirectional magnetizations parallel to the tapes cancel out the small derivation of the central magnetic field. The proposed method to eliminate the perpendicular magnetization of HTS tapes would also be applicable to other magnet systems requiring a highly uniform inside magnetic field such as a particle accelerator.
